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How is Top Produced at the Tevatron?

~85%

~15% s-channel

t-channel

! 

" (p p# tt @M top =175GeV ) $ 6.7 pb

Strongly Weakly

! 

" # 2 pb
! 

" # 1 pb

• Rate ∝ |Vtb|2 in SM
• Sensitive to H+, 4th gen, W’, FCNC, …
• Signature ~ SM Higgs

• Large theoretical uncertainties 
• As QCD predicts?
• Only SM top?
• By heavy particles?



January 18, 2008 Top Properties at the Tevatron, E. Halkiadakis 3

How Does Top Decay?

lepton +jets is the
“golden channel”
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Identifying Top

µ-
MIP signal

In calorimeter

Jet 2
secondary 

vertex

interaction 
point

Jet 1

secondary 
vertex

interaction 
point

leptons (e,µ and τ)
ν (missing ET)
quarks (jets)
b-quarks (“b-tag” jet)

A real event! 
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Top Pair Cross Section

~60   dilepton 
~200   lepton + jets (with b-tag) 
~300   all-hadronic (with b-tag)

S/B ~ 2-3:1
S/B  ~  3:1
S/B  ~  1:5

Main backgrounds  
-W+jets, WW, WZ, DY 
-mistag, W+hf, V V, non-W 
-QCD multijets

l+jets
(2 b-tags)

dilepton
&

l+track

For example, in ~1 fb-1 of integrated luminosity: 

  

! 

"(pp # tt ) =
Nobs $ Nbkg

 A % & % L'
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Summary of Top Pairs Cross Sections

Measurements in all channels using different methods are found to be consistent
Good agreement with SM prediction
Sample composition well understood  use it to look for new physics!
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Single Top Production

! 

P(x) =
1

"
d" (y)dq

1
dq

2
f (x

1
) f (x

2
)W (y, x)#

W(x,y) is the probability that a parton level
set of variables y will be measured as a set
of variables x (parton level corrections)

dσ is the differential cross
section (Matrix Element)

f(q) is the probability distribution than a parton will have a momentum q

Very rare! First evidence of single top production!  Working towards observation.
Use many different techniques to extract signal from large backgrounds

Multivariate techniques: boosted decision trees, matrix element reconstruction,
bayesian neural networks, likelihood discriminants

Matrix Element
Techniques

Neural Network
Techniques

Also see talk by R. Demina
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First Evidence for Single Top!
Boosted Decision Trees

Input 49 variables: object kinematics,
event kinematics, angular correlations

  

! 

s - channel :  " (pp  #  tb +  X) =  1.0 ±  0.9 pb

t - channel :  " (pp  # tqb +  X) =  4.2
-1.4  pb

+1.8
 pb

s + t channels :  " (pp  # tb +  X,  tqb +  X) =  4.9 ±  1.4 pb

Significance of result: 3.4σ !
(expected 2.1σ)

PRL 98 18102 (2007)

Significance: 3.6σ ! (expected 2.3σ)

0.9 fb-1

single top
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First Evidence for Single Top!
Matrix Element TechniqueMultivariate Likelihood Function

Input 7 variables (different for s-, t- channels):
kinematics, kinematic solver and ANN b-tag outputs

  

! 

s - channel :  " (pp  #  tb +  X) =  1.1 -1.1

+1.4
 pb

t - channel :  " (pp  # tqb +  X) =  1.3
-1.0  pb

+1.2
 pb

s + t channels :  " (pp  # tb +  X,  tqb +  X) =  2.7-1.1

+1.3
 pb

  

! 

s - channel :  " (pp  #  tb +  X) =  1.1 -0.8

+1.0
 pb

t - channel :  " (pp  # tqb +  X) =  1.9
-0.9 pb

+1.0
 pb

s + t channels :  " (pp  # tb +  X,  tqb +  X) =  3.0-1.1

+1.2
 pb

Significance of result: 2.7σ
(expected 2.9σ)

Significance of result: 3.1σ !
(expected 3.0σ)

1.5 fb-1

single top
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First Direct Measurement of |Vtb|

! 

|Vtb |  =  1.02 ±  0.18experiment  

                      ±  0.07 theory

|Vtb| is CKM matrix element describing
strength of  Wtb vertex
σsingle top∝ |Vtb|2

Measurement:
Made with σsingle top
Assumes |Vtd|2 +|Vts|2 ≪ |Vtb|2

Theory uncertainties:
Arise from the cross-section
dependence on the top quark mass,
the factorization and renormalization
scales, PDFs and αs
(Z. Sullivan, Phys.Rev. D70 (2004) 114012)

Using Boosted Decision Trees
0.68 <|Vtb|< 1 @ 95%CL or

|Vtb| = 1.3 ± 0.2

Using Matrix Element Technique
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Simultaneous Measurement of σttbar  and R

0.9 fb-1

l+jets

  

! 

In SM, " ttbar #|Vtq |
2
,  where q = d, s,b       

R =
B(t$Wb)

B(t$Wq)
=

|Vtb |
2

|Vtb |
2

+ |Vts |
2

+ |Vtd |
2
% 1

  

! 

R =  0.97-0.08

+0.09
(stat + syst)

" tt = 8.18-0.84

+0.90
(stat + syst)± 0.50 (lumi) pb

for Mtop =175GeV

  

! 

Use this to extract limits :

R > 0.88@68% C.L. and

|V
tb

|  > 0.89@95% C.L.

A simultaneous measurement of σttbar and R:  
      extract σttbar without assuming B(t → W b) = 1
      higher precision on both quantities

A ~10% measurement of σttbar

Submitted to PRL
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Is Top Pair Produced as Expected?
How much                    vs.                      ?  Large theoretical uncertainties (~10%)
Measure fraction of gg vs. qq top production

May reveal existence of unknown tt production and top quark decay mechanisms
(top quark from gluino decays , and decays to stops)

Two complementary approaches, both statistics limited! 

gg" tt 

! 

qq " tt 

Use kinematics of production and decay Use track multiplicity distribution

! 

" (gg# tt ) /" (pp # tt ) = 0.07± 0.16

! 

" (gg# tt ) /" (pp # tt ) < 0.33@68%C.L.

! 

" (gg# tt ) /" (pp # tt ) = 0.07$0.07
+0.15

New!Combination of two methods gives 
~6% improvement (a posteriori).

1 fb-1

l+jets
Submitted to PRL
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! 

d" i

dM tt 

=
Ni # Ni

bkg

Ai L$M tt 

i%

1.9fb-1

l+jets

New!

Differential Cross Section dσ/dMttbar
Measure dσ/dMttbar and test consistency with SM
Possible non-SM contributions

Z’, MSSM Higgs, colorons, axigluons, .....
Sensitive to interference effects as well as resonances

Reconstruct Mttbar

Remove background and unfold

Calculate cross section Consistent with SM
 p-value = 0.45
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Forward Backward Production Asymmetry AFB

NLO calculations predict forward-backward asymmetry of 4-6% (none at LO)
Asymmetry arises from interference between LO and higher order diagrams
Measurements in both parton rest frame and lab frame

Afb(parton rest frame) = 1.3 Afb(lab frame)

  

! 

Afb =
N
("Q

l
)#Cos$>0 " N("Q

l
)#Cos$<0

N
("Q

l
)#Cos$>0 + N

("Q
l
)#Cos$<0

1.9fb-1

l+jets
In the ppbar (lab) frame for Mtop = 175.0 GeV, 
after corrections 

! 

Afb = 0.17 ± (0.07)stat ± (0.04)syst

Afb

Theory NLO
= 0.03" 0.05

ForwardBackward

New!

In lab frame:
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Forward Backward Production Asymmetry AFB

! 

"y # yt $ y
t 

! 

Afb =
N"y>0 # N"y<0

N"y>0 + N"y<0

! 

"y > 0

! 

Afb = 0.12 ± (0.08)stat ± (0.01)syst
Uncorrected for reconstruction,
but provide geometric dilution function to be
applied to any model

Measured in parton (t-tbar) rest frame:

1.9fb-1

l+jets

0.9fb-1

l+jets

Fully corrected for reconstruction

New!

Submitted to PRL

Two different approaches

L

 Δy  

! 

Afb = 0.24 ± (0.13)stat ± (0.04)syst

! 

Afb

Theory NLO
= 0.04 " 0.06
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Searching For New Physics In AFB

Z’

For MZ' = 750 GeV:
f < 0.81 @95% C.L.(observed)
f < 0.44 @95% C.L. (expected)

f: fraction of top pair events
produced via a wide Z' resonance

Submitted to PRL

Several models suggest new particles
coupled to the 3rd generation.
For example, models with a “leptophobic”
Z’  that decays dominantly to quarks.
Results in ttbar production via a heavy
narrow (or wide) resonance.
(e.g. Harris, Hill, Parke hep-ph/9911288)

1σ

2σ
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Search for a ttbar Resonance

0.9fb-1

l+jets

Direct search for narrow-width heavy resonance
Analyze reconstructed Mttbar distribution

Within a  topcolor-assisted technicolor
model, exclude leptophobic Z’:
MZ’<680 GeV (Γ=0.012 MZ’)
excluded at 95%C.L.

SM ttbar
X→ttbar MX=650GeV
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Search for a Massive Gluon

Z’
G

1.9fb-1

l+jets
New!

Search for heavy gluon-like particle, G→ttbar
Analyze reconstructed Mttbar distribution with a Matrix
Element technique (DLM)
Set upper and lower limits on coupling strength, λ=λqλQ,
for ΓG=5-50%MG and MG=400-800GeV

ΓG=0.1MG, MG=800 GeV
95%C.L. Lower Limit = -0.02
95%C.L Upper Limit = 0.26
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W’

1.9fb-1

single-top
New!

Search for a W’ Resonance
Search for resonances in tb channel using MWJJ

Use massive W boson, or W´, to model such a resonance
W´ with SM couplings has a large branching fraction to tb
Many new theories include new gauge bosons:

 Extensions to the Standard Model (GUT)
 Extra dimensions (Kaluza-Klein)

(Branching ratio depends whether
W´R→lνR is kinematically allowed)

! 

M
W ' > 800 GeV/c

2
  (M

W ' > M"
R

)

M
W ' > 825 GeV/c

2
  (M

W ' < M"
R

)
@95%C.L.
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Search for Scalar Top

0.9fb-1

l+jets

Input subset of 11 kinematic variables, depending on stop quark mass point
Likelihood Discriminant

What about SUSY? Search for superpartner of top quark
Consider stop quark masses equal to or lighter than the top quark mass

  

! 

˜ t " b ˜ # 
1

+
 ( ˜ # 

1

+ "W
+ ˜ # 

1

0) can be important

First time search done in this channel in Run II.
Obtain upper cross section limits @ 95% C.L.
for stop (chargino) masses of 145-175 (105-135) GeV.
Observed limits are a factor of ~7-12 above the
theoretical predictions

µ+jets

µ+jets

e+µ



January 18, 2008 Top Properties at the Tevatron, E. Halkiadakis 21

Charged Higgs Limits

H+

    

! 

In SM, cross section ratio expectation:

R" =
" ( pp # tt )

l+ jets

" (pp # tt )
ll

=1

Measurement in agreement with SM:

R" =
" (pp # tt )

l+ jets

" (pp # tt )
ll

= 1.21$0.26

+0.27 (stat + syst)
c

s
Confidence Intervals

1 fb-1

l+jets & l l

  

! 

Interpret R"  into upper limit on:

B(t#Hb) < 0.35@95%C.L.

With SM expectation of :

B(t# Hb) < 0.25@95%C.L.

Assumptions :  

M

H
+

= 80GeV (not ruled out by LEP)

and decays exclusively to H
+(-)

# cs (c s).

! 

R"

! 

B(t" Hb)

Also see talk by A. Anastassov
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W Helicity
The V-A character of the decay
makes the helicity of the W only
F0 = 0.70, F- = 0.30, F+ = 0
(longitudinal, left-handed, right-handed)

l+jets

1 fb-1

ll

cosθ* = angle between lepton and top in W rest frame
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W Helicity Measurements using cosθ*

  

! 

F0 = 0.425 ±  0.166 stat ±  0.102 syst

F+ = 0.119 ±  0.090 stat ±  0.053 syst

If F+ fixed to 0 :

F0 = 0.619 ±  0.090 stat  ±  0.052 syst

If F0 fixed to 0.7 :

F+ = -0.002 ±  0.047 stat  ±  0.047 syst  

  

! 

F0 = 0.38 ±  0.21 stat ±  0.07 syst

F+ = 0.15 ±  0.10 stat ±  0.05 syst

If F+ fixed to 0 :

F0 = 0.66 ±  0.10 stat  ±  0.06 syst

If F0 fixed to 0.7 :

F+ = 0.01 ±  0.05 stat  ±  0.03 syst  

1 fb-1

l+jets
&
ll

New!

1.9fb-1

l+jetsAccepted to PRL
! 

F
0

! 

F+
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W Helicity Matrix Element Technique

  

! 

F0 = 0.637± 0.084stat ± 0.069syst

for Mtop =  175 GeV/c2 

and F+ = 0

    

! 

L = (F
0
,Cs ) = CsPtt 

(
r 
x i;F0 )+ (1"Cs )PW + jets (

r 
x i )

i=1

N

#

! 

d" #|M |
2
,|M |

2
#wlep(cos$

*
)%whad (cos$

*
)

w(cos$* ) = F+

3

8
(1& cos$* )2 +F0

3

4
(1& cos

2$* )+ (1&F0 &F+ )
3

8
(1+ cos$* )2

New!

1.9fb-1

l+jets

Likelihood based on differential cross sections
for ttbar and W+jets

Matrix Element Technique

~20% improvement in sensitivity!

! 

F
0
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Conclusions
The top quark is the least known quark, and the most
interesting for new physics.

Lots of exciting top physics happening at the Tevatron!
(Many topics I didn’t have time to cover:
t’, FCNC, Top Charge, Top Width, …)

We are unraveling the true nature of the top quark.

Beginning to have sensitivity to the unexpected in
particle properties and new phenomena in the data.

Frustratingly consistent with standard model, so far.

For more info go to:
http://www-cdf.fnal.gov/physics/new/top/top.html
http://www-d0.fnal.gov/Run2Physics/top/top_public_web_pages/top_public.html
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BACKUP
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Single Top
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Single Top D∅
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Single Top D∅
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Single Top D∅
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Single Top D∅
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Single Top CDF

W+2jets bin
(≥1 bjet)
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Single Top CDF LF
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Single Top CDF ME
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Single Top CDF ME
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Projections for Single Top Sensitivity
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σttbar and R
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Dσ/dMttbar
An example unfolded Mttbar distribution
compared with the true and a simulated
measured distribution.
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AFB CDF
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Massive Gluon
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Massive Gluon

Example of systematics



January 18, 2008 Top Properties at the Tevatron, E. Halkiadakis 42

W’
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W’
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W’ Coupling Limits
For a given mass MW’ we can adjust g until the cross-section
of the model calculated via scaling by g4/g4

SM equals the 
experimentally excluded cross-section. This is precisely how the
MW’−g graph is constructed.
 
We exclude gauge couplings down to 0.4gSM for low
W’ masses and MW’<M(ν). 
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Scalar Top
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Scalar Top


